Titania is a very important material for various applications and its properties are expected to be improved by controlling the crystallographic orientation. In this study, we demonstrated that the c-axes of both rutile and anatase were aligned parallel to a magnetic field and we investigated the effect of the orientation on the microstructure development and the effect of the transformation from anatase to rutile on the orientation during heating. When using rutile as the starting material, the c-axis was aligned and the elongated grains were aligned after sintering. When using anatase as the starting material, the c-axis of anatase was aligned parallel to the magnetic field. However, after transformation, the rutile had a tilt and the anisotropic grain growth was suppressed.
Introduction
Titania is an important electronic ceramic for use in diverse applications.
1)4) Titania has several polymorphic phases, commonly anatase (tetragonal) or rutile (tetragonal). Anatase converts to rutile at temperatures of 6731473 K. This transformation temperature depends on several parameters, such as impurities and grain size.
5)7)
Controlling the crystallographic orientation in ceramics is one of the effective ways for improving their properties, such as the electrical, piezoelectric and mechanical properties. 8), 9) It was reported that some anisotropic functional properties in TiO 2 depend on its crystallographic orientation. 10)12) Thus, it is expected that some properties of the oriented TiO 2 can be improved. The oriented TiO 2 has been prepared by various types of processes, 13) , 14) and we have reported that the crystallographic orientation in TiO 2 can be controlled using a strong magnetic field.
15)18)
Both anatase and rutile have a tetragonal crystal structure, and the asymmetric unit cells show an anisotropic susceptibility. When a strong magnetic field was applied to the particles with an anisotropic susceptibility in stable suspensions during colloidal processing, the particles were rotated to an angle minimizing the system energy by a magnetic torque generated from the interaction between the magnetic anisotropy and the applied magnetic field. The crystallographic orientation even in feeble magnetic ceramics, such as alumina, SiC and AlN, etc can be controlled by a colloidal processing under a magnetic field.
19)24)
The c-axis of anatase became aligned parallel to the magnetic field.
10),12)
Heating is an important process for developing textured microstructures in ceramics prepared by slip casting in a high magnetic field.
25),26) If a phase transformation occurs during the heat treatment, this transformation could have an effect on forming a textured ceramic because crystals may rotate during the transformation. Therefore, in this study, the effect of the phase transformation on the texture was examined.
Experimental procedure
Commercially available rutile (R-21, Sakai Chemical Industry Co., Ltd.) and anatase (A220, Ishihara Sangyo Kaisha, Ltd.) powders with average particle sizes of 0.2 and 0.16¯m, respectively, and spherical powders were used as the starting materials. These powders were dispersed in distilled water with a sodium hexametaphosphate (NaPO 3 ) 6 added as a dispersant. The suspensions were prepared with 20 vol % solid contents. The suspensions were mixed by a magnetic stirrer, and an ultrasonic horn was operated for 10 min to disperse the powder. The suspensions were then consolidated by slip casting after a vacuum desiccator was used to remove as many air bubbles as possible. A strong magnetic field of 12 T was applied to the suspension during the slip casting at room temperature. The direction of the magnetic field was parallel to the casting direction. After slip casting in the magnetic field, the green compacts were further densified by cold isostatic pressing (CIP) at 392 MPa without disturbing the particle orientations. The green bodies were isothermally heated in the temperature range of 13231673 K for 2 h in air without a magnetic field.
The crystallographic orientation was analyzed by X-ray diffraction (XRD) and an electron back scattering diffraction pattern (EBSD).
Results and discussion
The specimen prepared without exposure to a magnetic field was confirmed to have a randomly oriented polycrystalline structure when using both rutile and anatase powders. Figure 1 illustrates the XRD profiles of a sample which was compacted by slip casting in a strong magnetic field of 12 T and sintered at 1373 and 1673K on the T surface perpendicular to the magnetic field, when rutile powder was used as the starting material. The profile of the as-cast sample was almost same as the standard data, thus the degree of orientation was very small. However, the intensity of the (002) peak increased with the increasing heating temper-ature. In contrast, the intensity of the (110) peak decreased. That is, the c-axis of the rutile was aligned parallel to the magnetic field. In order to evaluate the degree of orientation, pole figures and the distribution of the tilt angle between the c-axis and the vertical direction parallel to the magnetic field were calculated from the EBSD analysis. Figure 2 shows the {001} and {101} pole figures on the T plane perpendicular to the magnetic field, and Fig. 3 shows the multiple random distribution (M.R.D) as a function of the tilt angle. The {001} pole was at the center and the {101} pole figure clearly showed that the texture is radially symmetric on the in-plane perpendicular to the magnetic field, although the intensity of the (101) peak was strong in the XRD diffraction. In Fig. 3 , the plots show the experimental data and the solid line is the fitting curve using the MarchDollase function as follows.
where r is the orientation parameter and ª is the tilt angle between the c-axis and the magnetic field. For the rutile prepared using a magnetic field followed by sintering at 1673 K, the orientation factor, r, was 0.39, indicating that approximately 79% of the grains were aligned with a tilt angle less than 20°. Figure 4 illustrates the crystal direction of the grains which were divided into two groups from the EBSD analysis. One included grains with a tilt angle less than 20°and the other included grains with a tilt angle more than 40°. Figures 5(a) and 5(b) show the distributions of the major axis and the grain angle between the major axis and the magnetic field direction in each group. The grain shape is determined by fitting an ellipse to the points making up a grain and the major axis was defined as the longest diameter of the ellipse. The major axis of the grain with a tilt angle less than 20°was longer than that of the grain with a tilt angle greater than 40°. The major axis was aligned parallel to the magnetic field in the grain with a angle less than 20°. Therefore, the grains with a tilt angle less than 20°were elongated in the c-axis direction parallel to the magnetic field. In comparison to the grains with a small tilt angle, the elongation to the magnetic field direction and the grain size were limited in the grains with a tilt angle greater than 40°. Easier growth of the aligned grains occurred when compared to the other grains. Figure 6 shows the XRD profiles of a sample which was compacted by slip casting in a strong magnetic field of 12 T and sintered at 1323 and 1673 K on the T surface perpendicular to the magnetic field when the anatase powder was used as the starting material. In the profile of the as-cast sample, the intensity of the (004) peak was very strong. Thus it was clear that the c-axis was aligned parallel to the magnetic field before heating. The transformation from anatase to rutile occurred and the textured anatase remained after heating at 1323 K, and the sample was fully transformed, then the anatase disappeared at 1673 K. After transformation, it was not clear whether the rutile phase was oriented or not in the XRD profile.
To evaluate the orientation after transformation, the distribution of the tilt angle was calculated from the EBSD data as shown in Fig. 7 . The c-axis of the transformed rutile was aligned parallel to the magnetic field and some grains had a tilt of around 30°. It has been reported that rutile grows with its {100} planes parallel to the anatase {112} planes. 27 ),28) The anatase {112} planes are inclined at an angle of 29.4°from the c-axis aligned parallel to the magnetic field, during the initial stage of the transformation from anatase to rutile, the c-axis parallel to the {100} planes for rutile was aligned parallel to the (112) plane for anatase and had an approximate 30°tilt. The tilted c-axis seemed to stand parallel to the vertical direction during the grain growth.
Some grains were elongated, but were not aligned in the transformed rutile as shown in previous statement where the c-axis was not oriented parallel to the magnetic field and had a tilt after transformation. When using rutile powder as the starting material, the c-axis was aligned and the anisotropic grain growth occurred along the alignment direction as shown in Fig. 4 ; however, in the transformed rutile the anisotropic grain growth was suppressed because the direction of the grain growth was not in one direction due to the tilted c-axis. The average grain sizes of both samples were estimated from Fig. 4 and Fig. 8 using the equivalent circle diameter. The grain size in the transformed rutile was 4.3¯m which was larger than that of the untransformed rutile with a grain size of 2.2¯m after sintering at 1673 K. Crystallographic orientation enhanced the shape anisotropy of the grains, but suppressed the grain growth. More research about this result needs to be done.
Summary
The effects of the orientation on the microstructure, such as the grain shape, the grain alignment and the grain growth, were investigated in the textured TiO 2 prepared by slip casting in a strong magnetic field, and the effect of the transformation from anatase to rutile on the crystallographic orientation was also investigated. When using rutile as the starting material, the c-axis was aligned and the elongated grains were aligned parallel to the magnetic field after sintering. The growth of the grain with a tilt angle less than 20°occurred easier than the grain with large tilt angle. When using anatase as the starting material, the c-axis of anatase was aligned parallel to the magnetic field. However, after transformation, the rutile had a tilt because rutile grows with its {100} planes parallel to the anatase {112} planes. The grain growth was enhanced in the transformed rutile, although the anisotropic growth was limited after transformation.
